Rana pipiens with skin dorsoventrally reversed can respond to stimulation of the back with forelimb wipes to the belly and to stimulation of the belly with hindlimb wipes to the back. These "misdirected wiping responses" have been explained in terms of two alternative hypotheses of nerve regeneration: nerve respecification or selective reinnervation. Experimental behavioral and neurophysiological experiments reported here support the selective reinnervation hypothesis. Severing ventral nerves, which normally innervate the belly, greatly reduced the percentage of misdirected responses on stimulation of belly skin grafted to the back, while severing dorsal nerves, which normally innervate the back, increased the percentage of misdirected responses elicited under the same circumstances. Moreover, neurophysiological recordings of grafted animals showed three effects of skin grafting on nerve distributions: (i) termination of dorsal and ventral nerve receptive field at graft edges; (ii) overlap of nonadjacent ventral nerve receptive fields; and (iii) dorsal coursing of ventral nerves to reinnervate target belly skin displaced to the back. These neurophysiological observations, and particularly the third effect, also support selective reinnervation as the mechanism of nerve regeneration in skin-grafted Rana pipiens.
A central problem in developmental neurobiology concerns the mechanism by which sensory or sensory and motor functions are reintegrated after denervation. Two general hypotheses for this reintegration have been advanced: nerve respecification and selective reinnervation (see review by Baker, ref. 1) . The nerve respecification hypothesis proposes that severed nerves grow out indiscriminately. Innervation of a foreign target results in a rearrangement (hence respecification) of the nerve's connections in the central nervous system to produce an output appropriate for the sensory input. The selective reinnervation hypothesis, by contrast, holds that nerve fibers grow only to their original target, even though that target may be displaced in space. This hypothesis postulates that target tissue directs reinnervation and assumes that nerves retain their original central connections and function.
One system for studying nerve reintegration involves the wiping responses of frogs (Rana pipiens) to stimulation of dorsoventrally displaced skin. Miner (2) first observed that tadpoles subjected to 1800 rotation of trunk skin developed, as adult frogs, misdirected responses which were not corrected by experience. That is, stimulation of belly skin displaced to the back resulted in belly wipes with the ipsilateral forelimb. Stimulation of back skin displace I to the belly resulted in ipsilateral hindlimb wipes to the back. Wiping behavior was appropriate to the skin type rather than to the body position stimulated. Miner interpreted her results in terms of the nerve respecification hypothesis; that is, cutaneous nerves regenerated indiscriminately and were "respecified" by connection with
The costs of publication of this article were defrayed in part by the payment of page charges. This MATERIALS AND METHODS Rana pipiens tadpoles, stages IV-XIX (8), were anesthetized in 2% ethyl carbamate. A piece of trunk skin was dissected free of the body wall muscle and completely removed, severing all nerve connections. The skin was then grafted to the desired position and dried in place. Grafts were of two types: 1800 rotation of unilateral trunk skin from middorsum to midventrum (SR) and interchange of isolated patches of dorsal and ventral skin (D-V). Grafts encompassed 40-80% of the trunk skin. Shams of these two types of operations involved removal of skin and replacement in its original position. All subsequent experiments were performed on the frogs 2-10 weeks after metamorphosis. Neurophysiological Recordings from Cutaneous Nerves of Normal, Grafted, and Sham-Grafted Animals. Receptive fields (the area of skin in which tactile stimulation with a natural bristle or hair evoked activity in a given nerve) of dorsal and ventral rami of spinal nerves 3 to 6 from populations of grafted and nongrafted animals were mapped electrophysiologically. The methods were those of Bloom and Tompkins (7), with minor modifications. Nerve impulses were amplified, displayed on a type 502 Tektronix oscilloscope, filmed with a Grass Kymograph camera, and monitored aurally by a loudspeaker. Individual receptive fields were marked with waterproof markers on an acetate sheet over a picture of the frog, with pigmentation and graft patterns as landmarks.
Behavioral Testing. Animals were tested behaviorally by manual stimulation or "tickling" with a natural bristle or hair mounted on a wire handle. Nongrafted animals responded to such stimulation with hindlimb wipes upon back stimulation and forelimb wipes upon belly stimulation. Grafted animals that showed evidence of miksdirected responses (i.e., forelimb wipes when the back was stimulated) were tested and mapped in 15-to 20-min sessions -three times weekly for up to 5 weeks. Only ipsilateral wiping responses (either forelimb or hindlimb wipes) for each animal were recorded on a map of the trunk skin. All maps for each frog were divided into three equal horizontal sections: I (back), II (midbody), and III (belly). Responses were converted to the percent forelimb wipes elicited from each body section of each animal to facilitate data analysis.
Nerve Sectioning and Subsequent Behavioral Testing. Animals that gave misdirected responses when tested as above were anesthetized in 2% ethyl carbamate, after which either dorsal or ventral rami were cut. The neuroanatomy involved has been described by Ecker (9) . Operations for dorsal nerve section consisted of making an anteroposterior incision in the skin at the middorsal line to reveal the lateral and medial branches of the dorsal rami of nerves 3 to 6 and then severing these nerves. Operations of ventral nerves were of two types, central and peripheral. Central sectioning of ventral nerves was performed by first cutting anteroposteriorly through both skin and body wall muscle slightly dorsal to the midlateral line. Cuts extending toward the dorsal ridge were made on either side of the incision to create a "flap" which allowed access to the ventral nerves 4 through 6 at the point of origin. Ventral nerve 3, also involved with cutaneous responses, was not cut at the dorsal root ganglion because this nerve contains fibers that join the brachial nerve complex (9) and its removal centrally might have interfered with motor function.
Peripheral sectioning of ventral nerve sensory rami was done
Approximate boundaries of the reflexogenous overlap zone, dorsal and ventral nerve receptive fields, and body sections I, II, and III in a normal frog. The reflexogenous overlap zone is that area of trunk skin from which either forelimb or hindlimb wipes can be elicited by cutaneous stimulation. The number in each of the receptive fields is that of the segmental origin. Sections I, II, and III are equal regions of the body, extending from the middorsum to the midventrum and representing the back, midbody, and belly, respectively. -, Body section boundary; ----, receptive field outline; ////, reflexogenous overlap zone.
by cutting anteroposteriorly through the skin only at the lateral line and severing ventral nerves 3 to 6 where they approach the belly skin. Control experiments consisted of similarly cutting either dorsal or ventral nerves of nongrafted frogs.
All animals that had undergone operation were sutured and allowed to recover undisturbed on a damp pad. Behavioral data for each animal were mapped in the manner described above daily for 4 days, beginning with the day of the operation. Subsequent behavioral data were biased by nerve regrowth.
Statistical Analysis. The sign test (10) was used to determine whether a significant number of animals exhibited a change in the frequency of forelimb wipes after a given nerve cut. A one-tailed Mann-Whitney U-test (10) was used when there were sufficient data to determine whether nerve cutting changed the percentage of forelimb wipes in individual animals. Data were not used if fewer than ten responses were elicited postoperatively from a body section on a given day.
RESULTS
Neurophysiological recordings of normal, grafted, and sham-grafted animals A receptive field was operationally defined by the following criteria. (i) Five or more units (spike heights) were recorded in the center of a receptive field (Fig. la) on tactile stimulation. Every stimulus produced a response. (ii) The edge of a field was characterized by activity from not more than three unit types (Fig. lb) and by a 2:1 stimulus-to-responses ratio. (iii) Any point at which stimulation no longer gave rise to nerve activity was defined as outside that nerve's receptive fields (Fig. lc) . Recordings were obtained from the dorsal and ventral postganglionic rami, also referred to as nerves.
Receptive fields of dorsal and ventral spinal nerves, summarized in Fig. 2 , were mapped in 13 nongrafted animals. Salient features of these receptive fields have been described by Bloom and Tompkins (7) . Receptive fields of sham-grafted animals (eight SR and three D-V) were identical to those of normal animals in shape and overlap pattern.
Receptive fields from 18 SR and 12 D-V grafted animals were mapped electrophysiologically and compared with those of sham-grafted animals to allow for undetected mechanical (Fig. 4) , reported also in previous studies (4, 7 (Fig. 2) , resulted in equal proportions of forelimb or hindlimb wipe responses in all 24 animals. Thus, sham-grafted and nongrafted animals exhibited similar wiping patterns. Forty-six of 118 grafted animals reliably showed misdirected behavior (forelimb wipes) when section I was stimulated and were selected for further experimentation. SR and D-V animals responded with higher frequencies of forelimb wipes on stimulation of section III (64 and 66%, respectively) than did nongrafted and sham-grafted animals. These grafted animals showed stable frequencies of wiping responses elicited during the 3-to 5-week testing period prior to nerve sectioning. Behavior of nongrafted and grafted animals after nerve sectioning Dorsal Nerve Sectioning. Dorsal rami of 15 SR and 8 D-V animals were severed. Animals of both graft types showed a marked increase in forelimb wipes elicited from section I after dorsal nerves were cut, from 21 to 54% for SR animals and from 17 to 62% for D-V animals ( Table 2 ). The area of the graft from which these misdirected responses were elicited increased in 9 of these 23 animals. However, there was little change in the percentage of forelimb wipes elicited from section III after dorsal nerves were cut. The sign test (P _ 0.05) indicated that a significant number of grafted animals showed a net increase from section I (17 of 23) and a net decrease in section III (17 of 21) in the proportion of forelimb wipes elicited postoperatively. The one-tailed Mann-Whitney U-test (P -0.05) was used to determine whether percentages of forelimb wipes were significantly different after dorsal nerves were cut for individual animals. Eight of the ten (four SR and four D-V) animals having sufficient data for a U-test showed a significant increase in the percent forelimb wipes elicited from section I postoperatively. Only two (both SR) of 15 animals showed a significant decrease in the percent forelimb wipes elicited from section III after dorsal nerve cutting. Thus, the data showed an increase in the percent forelimb wipes elicited from section I and a nonsignificant decrease in the percent forelimb wipes elicited from section III after dorsal nerve sectioning.
Ventral Nerve Sectioning. Ventral nerves of 11 SR and of 11 D-V animals were cut. Upon subsequent testing, animals of both graft types showed a marked decrease in misdirected responses (forelimb wipes) in section I, from 22 to 4% for SR animals and from 22 to 7% for D-V animals ( 
